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The r e s u l t s  presented i n  t h i s  r e p o r t  were obtained i n  the 

r a d i a t i o n  damage , research program sponsored by NASA (Grant NsG-290) 

during the  period March 15, 1964 t o  September 15, 1964. During 

t h i s  period the  following personnel w e r e  a c t i v e l y  engaged i n  the  

research  on a p a r t  time o r  f u l l  time bas i s .  

Facul ty:  

D r .  John C .  Core l l i  ( f u l l  time) 

D r .  H .  €3. Huntington ( p a r t  t ime, stopped June 10 ,  1964)  * 

Graduate Students:  (half  t i m e  academic year - f u l l  time summer months) 

M r  . Li-Jen Cheng 

M r .  John F.  Becker 

M r .  John E. Fischer 

M r .  Orrin H. M e r r i l l  

** 

M r .  Charles Taylor ( l e f t  June 10 ,  1964) 

M r .  Gordon Oehler (summer only 1964)  

M r .  Arne Kalma 

Research Technician: ( f u l l  time) 

M r .  James Westhead 

Effec t ive  September 1, 1964 the Department of Nuclear Engineering 

and Science added two adjunct  professors  t o  i t s  s t a f f ,  D r .  James W. 

Corbett  and Dr. George D .  Watkins of  the  General E l e c t r i c  Research 

* 
Other commitments d i c t a t e  t h a t  Professor Huntington can no 

longer spend time as  an ac t ive  p a r t i c i p a n t  i n  the  program. However, 
Professor Huntington w i l l  s t i l l  consul t  with s tudents  on an informal 
b a s i s  a s  the occasion a r i s e s .  
** 

AEC Fellow - s a l a r y  charged t o  gran t  only during summer 1964. 
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Laboratory.  

t o  be ava i l ab le  f o r  consul ta t ion i n  the program p a r t  time. 

Both Professor Corbett and Professor Watkins plan 

The general  top ics  which a r e  reported here in  cover the 

following research:  1) Infrared s tud ie s  on 36 and 60 Mev e lec t ron-  

i r r a d i a t e d  pul led and floating-zone s i l i c o n  and pul led germanium 

grown with varying oxygen content.  The i r r a d i a t i o n s  w e r e  c a r r i ed  

out  with the samples kept a t  a temperature of 320°K during 

bombardment, 2 )  e l e c t r i c a l  p roper t ies  of Co60 photon (1 .25  MeV) 

and 15 and 45 Mev e l ec t ron  i r r a d i a t i o n  o f  germanium a t  300 K ,  

3) c a r r i e r  l i f e t ime  s tud ie s  on germanium i r r a d i a t e d  a t  8 9 O K  by 

48 Mev e l e c t r o n s ,  4) l o w  temperature ( a t  20°K) and cold temperature 

( a t  80°K) i r r a d i a t i o n  of  s i l i c o n  and germanium with subsequent 

annealing s tud ie s  t o  350°K ( e l e c t r i c a l  p r o p e r t i e s ) ,  5) 1 .5  Mev 

e l e c t r o n  i r r a d i a t i o n  of s i l i c o n  ( a t  300 K) and subsequent annealing 

t o  800°K using c a r r i e r  concentration and conduct ivi ty  t o  de t ec t  

t he  defec ts .  

* 
0 

0 

Portions of the r e s u l t s  t o  be presented have appeared i n  

var ious papers and presentat ions during the period March 15 ,  1964 - 
September 15, 1964 and a r e  l i s t e d  below. 

1) "Studies of High-Energy Electron (10-60 MeV) and Proton 

(20-130 MeV) Radiation Damage i n  S i l i con  and Germanium". 

J. C .  C o r e l l i ,  Li-Jen Cheng, C .  A .  Taylor and 0.  H. Mer r i l l .  

Paper given a t  1964 In t e rna t iona l  Conference on the  Physics 

of Semiconductors, Symposium on Radiation Damage i n  Semi- 

conductors,  P a r i s ,  France,  Ju ly  16-18, 1964. To be published 

~ ~ ~~ ~ * 
I r r a d i a t e d  by John W. Cleland of Oak Ridge National Laboratory,  

Oak Ridge, Tennessee 



in Proceedings. 

2) Talks  were given by Dr. J. C. Corelli, Li-Jen Cheng, 

0. H. Merrill, and J. F. Becker to the Instrument Research 

Group, Radiation Effects Section, NASA Langley Research 

Center, Hampton, Virginia, August 24 - 25, 1964. The 

content of  the talks given are contained in this progress 

report. 

3) "Role of Impurities in the 1.5 - 55 Mev Electron Irradiation 
of Silicon and Gem-anium, 1 1  Seminar given by J. C. Corelli 

at ehe Aerospace Research Laboratory, Wright Patterson Air 

Force Base, Dayton, Ohio, September 11, 1964. 
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15-45 Mev Electron I r r ad ia t ion  of Germanium a t  

Electron i r r a d i a t i o n  a t  15  Mev and $5 Mev of i n i t i a l l y  10 

ohm-cm, n-type germanium (antirnony and arsenic  doped) of l o w  

d i s loca t ion  content  which had been previously i r r a d i a t e d  with 

Co60 (1.25 MeV) photons was car r ied  ou t .  

was done i n  two s teps ,  t he  f i r s t  was a f l u x  of about 5 X 10 14 

electrons/cm2 on the  samples and the second, about 5 X 1015 t o  

2 X 1 O I 6  electrons/cm2 on the samples. 

o f  the  r e s i s t i v i t y  and c a r r i e r  concentrat ion was measured a f t e r  

each i r r a d i a t i o n .  The r e s u l t s  i n  a l l  cases a re  s i m i l a r ,  so  the 

graphs of one sample  a r e  s u f f i c i e n t  t o  i l l u s t r a t e  what happened. 

Figures 1 and 2 show the change during i r r a d i a t i o n  o f  the 

r e s i s t i v i t y  and Hall  coe f f i c i en t  of Sb6#2, a 10 ohm-cm, antimony 

doped, n-type germanium sample. The break i n  Figure 1 i s  because 

the  sample annealed ( a t  3OoC)  during the  temperature measurements 

between i r r a d i a t i o n s .  This i s  n o t  evident  on the  Hal l  curve i n  

The e l ec t ron  i r r a d i a t i o n  

The temperature dependence 

Figure 2 as  the  s lope i s  not  large a t  t h a t  po in t .  The r e s i s t i v i t y  

i n i t i a l l y  increases  but soon decreases and appears t o  approach a 

constant  value.  The Hall  coe f f i c i en t  a l s o  increases  a b i t  

i n i t i a l l y  but  then decreases ,  changes s ign  a s  t he  sample becomes 

p type ,  reaches a maximum, and then decreases toward an apparent 

constant  value.  Both i n i t i a l  increases  are a t r a n s i e n t  e f f e c t  

poss ib ly  caused by d i s loca t ion  migration o r  impur i t ies .  

maximum of the  r e s i s t i v i t y  does no t  correspond w i t h e i t h e r  the  

The 

ik 
These experiments were conducted i n  cooperation with John W .  Cleland 

of t he  S o l i d  S t a t e  Division a t  the  Oak Ridge National Laboratory,  
Oak Ridge, Tennessee. 
samples w e r e  performed by John W.  Cleland. 

The C060 i r r a d i a t i o n  and the prepara t ion  o f  
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po in t  where the Hall  coe f f i c i en t  changes s ign o r  i t s  maximum on 

e i t h e r  s ide .  

o f  the sanple a f t e r  successive i r r a d i a t i o n s .  

an i n t r i n s i c  condi t ion a f t e r  the Co60 photon i r r a d i a t i o n  and 

should have been p-type below room temperature.  

type and probably had annealed before the f i r s t  e l ec t ron  i r r a d i a t i o n .  

A s  cont ro l  samples f o r  the Co60 i r r a d i a t e d  samples, some 30 

Figures 3 and 4 show the temperature dependence 

The sample was i n  

But i t  was n- 

ohm-cm germanium, both n-and p-type, and 14 and 1 ohm-cm p-type 

germanium (indium-doped) were a l s o  i r r a d i a t e d  a t  the same 

energ ies  t o  approximately the same f luxes and temperature dependence 

measurements were again taken. 

samples had been previously i r r ad ia t ed  with neutrons and annealed 

(W 20 h r s .  a t  4 5 O o C )  back t o  almost t h e i r  i n i t i a l  condition. A s  

befo re ,  the  graphs f o r  each type of sample a r e  s imi l a r  and only 

the  r e s u l t s  of one of each a r e  shown. Figures 5 through 8 show 

the r e s u l t s  f o r  the 30 ohm-cm, p-type germanium. These samples 

were n o t  av ia l ab le  a t  the t i m e  of the f i r s t  e l ec t ron  bombardment 

and thus there  a re  no temperature dependence graphs a f t e r  a small 

flux t o  a s c e r t a i n  i f  a s t eep  s lope ,  which was lessened by large 

f l u x e s ,  occurred t h e r e .  Figures 10 and 11 a re  the temperature 

dependence of the  n-type germanium. The i r r a d i a t i o n  measurements 

a r e  almost exac t ly  the same as those of t he  samples previously 

i r r a d i a t e d  with photons and are no t  shown. Figures 1 2  through 15 

show the  r e s u l t s  f o r  the p- type,  14  ohm-cm germanium. Figures 16 

and 1 7  a r e  the  temperature dependence graphs o f  the  p-type, 1 ohm-cm 

germanim. 

temperature during the i r r a d i a t i o n ,  s o  the  i r r a d i a t i o n  curves a r e  

no t  included. 

The 30 ohm-cm, n- type germanium 

Small changes were observed i n  conduct ivi ty  a t  room 
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Some of the samples were observed t o  anneal a f t e r  the 

i r r a d i a t i o n  was completed when l e f t  a t  room temperature. 

shows the time dependence of t h i s  annealing a t  @300°K on the 

r e s i s t i v i t y  of one of the 30 ohn-cm, p-type germanium samples. 

Similar  r e s u l t s  were observed on o ther  samples. 

Figure 9 

Temperature dependence runs were made on severa l  types of 

samples which had previously been e l ec t ron  i r r a d i a t e d .  The types 

of samples measured were: 10 ohm-cm, p-type, boron doped s i l i c o n  

and 1 0 ,  2 0 ,  and 50 ohm-cm, n-type,  antimony doped gemanium. A l l  

of  the germanium samples show an energy l e v e l  i n  the range 0 . 2 0  - 
0 . 2 6  ev below the conduction band and a deep unresolved l e v e l  

F0.3 ev below the bottom of the conduction band. The 50 ohm-cm 

m a t e r i a l  a l s o  shows an ind ica t ion  f o r  a shallow l e v e l  a t  about 

0 . 1  ev below the conduction band. 

In the following months, annealing experiments w i l l  be per- 

formed t o  determine a t  what temperature the defec ts  anneal ou t .  
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Inf ra red  Studies on 36 and 60 Mev Elec t ron- I r rad ia ted  ( a t  320°K) 

S i l icon  and Germanium 

Table I l i s t s  in f r a red  samples which were i r r a d i a t e d  during 

the period covered by t h i s  p r o g r e s s  r e p o r t .  A l l  samples  w e r e  

water cooled during i r r a d i a t i o n  and t h e i r  temperature never 

exceeded 40OC. 

on t w o  Perkin-Elmer spectrometers,  the mode1 421 f o r  covering 

the region between 2 . 5  and 1 5  microns,  2nd the model 2 1  € o r  the 

r eg ion  between 0 . 7  and 2 . 5  microns. To ob ta in  spec t ra  with the  

samples a t  l i q u i d  n i t rogen  temperature,  a cold c e l l  with NaCl 

windows was used. Rectangular samples about 4 mm x 1 5  mm were 

held i n  the  sample beam of  the spectrometer by means of a 

clamping arrangment over a s l i t  i n  a copper block which was i n  

contact: with l i q u i d  n i t rogen .  

Spectra before and a f t e r  i r r a d i a t i o n  were taken 

The annealing w a s  done i n  an e l e c t r i c  furnace capable of 

reaching temperatures up t o  600°C. 

used t o  suspend the  sample i n  s i l i c o n  o i l  (up t o  2 9 0 O C )  and a i r  

( 3 0 O O C  t o  4 1 0 O C ) .  

A l l  the  samples annealed t o  date (numbers 1.1, 2 . 1 ,  3 . 1 ,  4 . 1 ,  

5 . 2 ,  6 . 2 ,  and 7.2) were annealed together  isochronal ly .  

A s t a i n l e s s  s t e e l  basket was 

Several  samples could be annealed a t  one time. 

Considerable da ta  has been obtained from sample 117.2 (oxygen 

doped germanium). Pr ior  t o  i r r a d i a t i o n ,  the  well-known in tense  

absorpt ion band due t o  the presence of oxygen i n  the sample was 

observed a t  860 cm'l (sample a t  80°K). 

i n  the region between 900 cm-I and 600 an'', a f t e r  i r r a d i a t i o n  many 

o the r  bands were observed i n  t h i s  region as  shown i n  Figure 18. 

No o the r  bands were detected 
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Spectra after successive isochronal anneals (20 min. at each 

temperature in intervals of 10°C up to 290°C and 15'C from 3OO'C 

to $ l O ° C )  show growth and decay of the various bands (see Figures 

18 and 19) .  
defect absorption bands had disappeared. The relative defect 

concentration which was plotted vs. temperature of anneal in 

Figure 19 was obtained by measuring the area under each absorption 

peak. The bands shown for the oxygen doped germanium in Figure 18 

are due to oxygen-defect complexes and are not found in germanium with 

low oxygen content. 

After the 410°C anneal, all the radiation-induced 

The infrared properties of samples i'15.2, 6 . 2  and 7.2 (germanium) 

were studied in the wavelength region between 1.8 and 8.0 microns. 

Absorption in this region has generally been associated with 

electronic excitation. Sample No. 5.2, which was p-type before 

irradiation, remained so after irradiation and through annealing. 

The spectrum of a p-type sample is typified by that of No. 5.2 

shown i n  Figure 20. Samples 6.2 and 7.2 were n-type before 

irradiation and p-type after irradiation (detemined from electrical 

properties). The shape of the spectrum of n-type germanium (pre- 

irradiation) is shown in Figures 21 and 22. The post-irradiation 

spectra of these samples is seen to be that characteristic of 

p-type germanium. Upon annealing, the spectra of these two are 

seen to return gradually to their pre-irradiation shape, indicating 

their return back to n-type conduction. The point where each 

sample returns to n-type is not exactly the same for these samples. 

Prior to irradiation they differed in resistivity by an order of 

magnitude, so that the large difference in impurity concentration 

strongly effects the annealing process (see section V of this 
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report for further results on the question of impurity effects 

in annealing). These infrared results seem to agree quite well 

with annealing experiments employing electrical measurements. 

Further annealing experiments are currently under way in our 

laboratory. 

The silicon samples which were annealed isochronally up to 

41OoC with the germanium yielded basically the same results as 

those reported earlier. Annealing has not been completed for 

the silicon s a m p l e s ,  but is expected to be in the near future. 

* 

The irradiated silicon and germaniu~ samples which have not 

been annealed will be used to study infrared properties using 

isothermal anneals with the aim of deducing activation energies. 

* A report covering the details of this work was submitted to 
NASA September 17, 1964 and will not be repeated here. The title 
of the report is "Annealing of Infrared Defect Absorption Bands 
in GO Mev Electron-Irradiated Silicon" by J. C. Corelli, G. Oehler, 
J. F. Becker and K. J. Eisentraut. 
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IV 
Carr ie r  Lifetime Studies  on Gemmiuq I r r ad ia t ed  a t  89 8 K 

by 48  Mev Electrons 

One low-temperature i r r a d i a t i o n  was performed, pr imari ly  t o  

A l a rge  sample check out  experimental  equipment and procedures. 

(1/4" x 114" x 3 / 4 " )  of 4 ohm-cm indium-doped germanium vas 

i r r a d i a t e d  a t  89'K with about IO1' e lectrons/cm2 of 48  MeV. 

dose w a s  s u f f i c i e n t  t o  reduce the  f i lament  l i f e t ime  a t  89'K from 

2 7 ~  sec t o  2 . 8 y s e c .  

decay of  photoconductivity induced by u n f i l t e r e d  l i g h t  from a 

xenon f l a sh tube ,  with which an i n j e c t i o n  l e v e l  o f  10% was achieved 

a t  t h e  lowest temperature and maintained constant  throughout the  

experiment. 

well-prepared sample and by waiting u n t i l  ha l f  the excess c a r r i e r s  

decayed before  making measurements. A s imi l a r  sample was i r r a d i a t e d  

a t  room temperature t o  about 1 / 3  the  above dose,  causing the  room 

temperature l i f e t ime  t o  go fro= 230 sec t o  4 2  see .  

This 

Lifetime was measured by observing the 

Surface e f f e c t s  were minimized by using a l a r g e ,  

f r 
The r e s u l t s  Gf the  first 10 minute isochronal  annealing 

experiment shown i n  Figure 2 3 ,  a r e  t o  be considered very t e n t a t i v e .  

The increase  i n  recombination center  dens i ty  a t  hr 14O0K i s  s imi l a r  

t o  observations i n  s i l i c o n  using e l e c t r i c a l  p rope r t i e s  t o  d e t e c t  

d e f e c t s ,  and i s  probably due t o  migrat ion of primary defec ts  i n t o  

a more s t a b l e  center  which has a l a r g e r  capture  c ross -sec t ion  than 

the  primary de fec t .  I t  i s  s i g n i f i c a n t  t o  note  t h a t  the predominant 

anneal ing a t  G17O0K i s  in  t h e  same temperature region a s  occurs 

f o r  c a r r i e r  concentrat ion annealing i n  p-type germanium of comparable 
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resistivity (see previous progress report covering period 15 March 

1964 - 15 September 1964 ,  p. 9). 

that the carrier trap and the recombination center may be associated 

with the same defect. Further experiments in this area are current- 

ly in progress. 

This experimental result suggests 

Figure 24 shows the temperature dependence of lifetime before 

irradiation and after the last anneal (330'K). 

below 1000/T = 4 ,  the rate-limiting process is thermal excitation 

of majority carriers both before and after irradiation; 

shown probably correspond to acceptor l eve l s .  The nlmber of 

recombination centers is proportional to l/z 
of the "damage" has been annealed at 330°K or lower, the lifetime 

is still about 1/3 the pre-irradiation value. 

At temperatures 

the slopes 

, so although most 

This experiment demonstrated the severity of  the inherent 

limitations of the pulsed light source. The pulse is too wide 

in time to allow introduction of large numbers of defects. Most 

of the energy output is in the visible portion of the spectrum 

and hence is absorbed near or at the  sanple surface. The light 

is not intense enough to allow use of a germanium filter at low 

temperatures or with low-resistivity material. One cannot perform 

injection-level dependence studies at low temperatures (to study 

cross-sections). It is hoped that all of these difficulties 

will be surmounted by using a pulsed 75 KVP x-ray tube which has 

recently been procured 

December 1964. 

* 
and which should be operational by 

* 
This equipment was given to us by the X-Ray Department of the 
General Electric Company, and we acknowledge their generous 
gift . 
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v 
Low Temperature ( 2 0 O K )  and Cold  Temperature (BOOK) Irradiation 

and Annealing of 45 Mev Electron-Irradiated 

Silicon and Germanium 

A) Recovery of 47 Mev Electron-Induced Defects in N-Type Ge 

from 2 0 ° K  to 2 8 8 O K  

One sample of Sb-doped 0.2R -em Ge was irradiated with 47 

Mev electrons at a temperature below 2 0 ° K .  

electronsincident on the sample was 3.12 x 10'' e/cm2. 

10-minute isochronal annealing experiment up to the temperature 

of 2 8 8 O K  was performed. 

located at about 36'K, 6 5 O K ,  1 3 0 ° K ,  and 205'K (Figure 25) .  

first two recovery stages would be considered to correspond to 

the stages found by Mackay and Klontz in the study of I. 10 Mev 

The total flux of the 

A 

mere were four annealing peaks found 

The 

electron-irradiated Ge at low temperature. The two other peaks 

may belong to the annealing of the defects produced by high energy 

electrons only, since there has not been any annealing reported 

on low energy (0.5 MeV) electron-irradiated N-type Ge at those 

temperatures(2). However, further experiments will be performed 

to study this point in more detail. 

One sample of As-doped 3 . 5 n - c m  n-type Ge was irradiated at 

8OoK by 45 Mev electrons to a total flux of 6 . 4  x lOI3 e/cm2 and 

isochronally annealed' for 10 minutes up to 338 K .  Two annealing 
0 
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processes similar to the 130'K and 205'K peaks shown in Figure 25 

were found in the measurement of conductivity. 

One isothermal annealing experiment at 185'K was performed 

on a 45 Mev electron-irradiated l O f l  -cm arsenic doped Ge sample. 

For this sample, we have plotted - I V S . ~  in Figure 26 (RH is 
/C(H *ti 

the Hall coefficient, pH is the Hall mobility). The two distinct 

slopes indicate that at least two kinds of defects (or different 

charge states of the same defect) anneal out at the temperature 

1 8 5 O K .  

disappearing faster is found to be second-order. 

B) 

The kinetics corresponding to the annealing of the defects 

Recovery of 54 Mev Electron-Induced Defects in P-Type Ge 

from 2 0 ° K  to 300°K. 

One sample of In-doped 0 . 7 0  -cm was irradiated with 54 Mev 

electrons at a temperature below 20'K. 

was 2 . 5  x 

The total electron flux 

e/cm2. The carrier removed rate was about 0.0004 

, but this did not mean that the damage was very small, e- ~ r 7 ,  

since the change of the nobility was rather large and the total 

number of carriers removed was also large, which was ascertained 

after the sample was warmed up to 90°K and measured at that 

temperature. 

performed. 

range from 2 0 ° K  to 9 0 ° K  were rather scattered, since they were 

measured at 1 3 O K  where the temperature dependences of the Hall 

coefficient and the resistivity were too strong to be measured 

accurately at a constant reference temperature. 

the annealing experiment at temperatures from 9 0 ° K  to 300°K are 

A 10-minute isochronal annealing experiment was 

The data corresponding to the annealing temperature 

The data for 
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shown i n  Figure 2 7 .  

Hall  c o e f f i c i e n t  below 168K:~ere  observed a f t e r  each annealing, 

which was considered as  unloading the trapped minority c a r r i e r s  

from defec ts  located below the edge of the conduction band. 

t he  sample was i r r a d i a t e d  with white l i g h t  a t  the temperature of 

about 80°K, the  r e s i s t i v i t y  and the  Hall  c o e f f i c i e n t  decreased and 

the mobil i ty  increased (see Figure 2 8 ) .  This should correspond t o  

loading of  t r a p s .  

tremely long, the order of days a t  l e a s t .  The defec t  cen ters  

p a r t i c i p a t i n g  i n  the t rapping e f f e c t  must have a charge of  a t  

l e a s t  +2  before captur ing an e l ec t ron ,  otherwise the hole capture 

c ross  sec t ion  would no t  be so small .  

The increases of the r e s i s t i v i t y  and the  

After  

The l i f e t ime  of  the e l ec t ron  trapped was ex- 

0 
A recovery s tage  was found a t  the temperature of about 180 K ,  

which should correspond t o  the annealing of t h e  defec ts  responsible  

f o r  the  t rapping e f f e c t  mentioned above, s ince  there  was no trapping 

e f f e c t  observed a f t e r  the recovery s t age .  

C >  Recovery o f  45 Mev Electron-Induced Defects i n  N-Type S i l i con  

from 80°K t o  360°K. 

Several  s i n g l e  c r y s t a l l i n e  samples of  phosphorous-doped 

s i l i c o n  were i r r a d i a t e d  with 45 Mev e lec t rons  a t  the temperature 

of about 80°K, and then isochronal ly  annealed 10 minutes a t  each 

temperature from 80°K t o  360°K. 

shows t h a t  t he re  i s  a d i s t i n c t  d i f fe rence  i n  the  recovery behavior 

of t h e  damage between the  pulled c r y s t a l  samples and f loat ing-zone 

samples. A t y p i c a l  example i s  shown i n  Figure 2 9 ,  i n  which the 

f r a c t i o n s  of damage remaining in  c a r r i e r  concentrat ions of t h ree  

samples  w i t h  almost the same r e s i s t i v i t i e s  (10-  11 n -cm) were 

In a l l  the  cases ,  the r e s u l t  
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plotted verses the annealing temperature. There were some increases 

in the defect concentration of the samples at 7 8 O K  after the 

irradiations stopped. 

total dose received by the sample. It may be due to some 

irradiation-induced defects unstable at that temperature, or some 

slow carrier trapping effect. 

needed in order to make this point clear. 

The amount of the increase depends on the 

Some further experiments are 

Three recovery stages are observed in the l0n -cm floating- 
0 zone crystals located at about 125 K, 190°K, and 260'K. 

crystals exhibited three other annealing processes, located at 

about 100-200°K, 240°K, and 290°K. Similar annealing behavior 

was observed on l n - m  pulled crystal sample of P-doped silicon. 

The annealing process at lOO-ZOO%is rather broad, and might be 

due to an overlapping of two or more recovery stages. 

stages at 125' and 190°K in the two floating-zone samples were 

found to be dose dependent. An annealing experiment of one -cm 
15 floating-zone sample irradiated with much higher dose (1.4 x 10 

e/cm ) showed only a broad recovery stage from 100 to 220°K which 

supports the interpretation of the dose dependence. 

The p u l l e d  

The recovery 

2 

The recovery stage at 240°K appears as a small reverse 

annealing process (see Figure 2 9 ) ,  not a carrier trapping effect. 

This was determined by using a method of illuminating with white 

light at 78'K to investigate for the presence of traps. 

stage at 290°K in the pulled crystals was a main annealing process 

in which about one-fifth of the total defect concentration was 

annealed out in the l l n - c m  sample. 

and 290° appear to be characteristic of defects associated with 

The recovery 

The two annealings at 240°K 
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oxygen atoms, s ince  they do not occur i n  f l o a t i n g  zone s i l i c o n  

containing l e s s  dispersed oxygen. 

In general  t h e  amount of defects  annealed out  ( i n  c a r r i e r  

concentrat ion)  i n  the  pul led c r y s t a l s  appears t o  be higher than 

t h a t  i n  the  floating-zone c r y s t a l s  i n  the temperature range 

80-360°K. 

cen t r a t ion  up t o  360°K i n  pulled and i n  floating-zone c r y s t a l s  

a r e  about 55% and 32% re spec t ive ly .  In  Figures 30 and 3 1 ,  the 

r ec ip roca l  Hall mob i l i t i e s  were p lo t t ed  verses  t h e  c a r r i e r  

concentrat ions.  The r e s u l t s  show t h a t  the annealing curve i s  

very c lose  t o  the i r r a d i a t i o n  curve f o r  the  pulled c r y s t a l ,  but 

t h i s  i s  not  the case f o r  t h e  floating-zone sample in  which the 

mobi l i ty  anneals with a f a s t e r  r a t e  a t  lower temperatures,  and 

a l s o  the  annealing processes i n  the  l a t t e r  seem t o  be more compli- 

ca ted .  

The f r a c t i o n s  of damage annealed out i n  c a r r i e r  con- 

The temperature dependence of the  c a r r i e r  concentrations 

of one floating-zone sample and one pul led c r y s t a l  were p lo t t ed  

i n  Figures 32  and 33 respec t ive ly .  There w e r e  about 70% of the 

de fec t s  remaining a f t e r  354'K annealing belonging t o  the oxygen- 

vacancy complex (A-center) i n  the pul led  c r y s t a l  sample of 11 

A - c m .  

correspond t o  A-centers was lower i n  the  pul led c r y s t a l  1 A - c m  

sample.  

The f r a c t i o n  of the  defec ts  remaining which would 

The d i f fe rence  between the pul led  c r y s t a l  and the  f loa t ing -  

zone c r y s t a l  may be in t e rp re t ed  a s  follows; the oxygen concentration 

i n  the  pul led c r y s t a l  i s  very high,  about 

de fec t s  assoc ia ted  with oxygen atoms should be dominant; i n  the  

- 1 O I 8  atomslcc,  the 
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floating-zone crystal, other imperfections (such as other impurities, 

dislocations) should be dominant, therefore the defects produced 

should be different and possibly more complex than in the pulled 

crystal silicon. 

In conclusion, we may say that the formation and the annealing 

(from 80' to 360°K) of defects under 45 Mev electron irradiation 

at about 80°K strongly depend m the types and the concentrations 

of the imperfections originally existing in the sample, such as 

oxygen. They also depend on the total dose. In order to under- 

stand the mechanism of the formation and the annealing of the 

irradiation-induced defects more clearly, additional methods of 

microscopic measurement are needed, such as spin resonance, 

photo-conductivity, and infrared absorptivity. 



18. 

VI 

1 . 5  Mev Electron I r r ad ia t ion  (30O0K) of  N-Type S i l i con  and 

Annealing Studies  t o  800°K 

The samples l i s t e d  i n  Table I1 were i r r a d i a t e d  a t  the General 

E l e c t r i c  Research Laboratory's  resonant transformer acce le ra to r .  

The acce le ra to r  was operated a t  an e l ec t ron  energy 1 . 5  M e V ,  and 

a t  an average cur ren t  of 400 a .  Samples Si-P(0) and 114 H-2 

received 1.34 x 

2 . 6 8  x 

I-' 

e/cm 2 , a l l  four a t  a r a t e  of  1 . 9  x 

e/cm2 and samples F1-99 and 152-2 received 

e/cm 2 see .  

A p l o t  o f  vs .  4 t revealed t h a t :  (I) the  removal r a t e s  
e 

a r e  no t  s t r i k i n g l y  non-l inear ,  with a small  ( 3 3 0 % )  d i f fe rence  

between i n i t i a l  and f i n a l  removal r a t e s ,  (2)  the  room temperature 

removal r a t e  was down a f a c t o r  of four  f o r  pu l led  s i l i c o n  compared 

t o  FZ s i l i c o n .  

The energy of the leve ls  introduced was measured following 

a method reported i n  Ki tovski i  e t  d3). 
energy l eve l s  f o r  each sample. 

was no t  introduced i n  sample 152-2  i n  s u f f i c i e n t  quant i ty  t o  be 

measured. The minima l i s t e d  for  the deep l eve l s  were es tab l i shed  

on the  b a s i s  of  Fermi  l e v e l  ca l cu la t ions .  

Table I11 l i s t s  the  

A defec t  energy l e v e l  a t  Ec-0.17ev 

A low enough temperature 

was no t  reached t o  produce a s t r a i g h t  l i n e  f o r  the  shallow l eve l s  

on a h ( n )  v s .  1000/T p l o t .  The values  l i s t e d  a r e  m i n i m  va lues .  

Table I V  l i s t s  the number of e l ec t rons  i n  each l e v e l  a t  

T=O°K. 

complete ion iza t ions  as  indicated by the  l i g h t l y  dashed l i n e s  i n  

Figures 34 - 37. The number of deep l eve l s  introduced i s  somewhat 

These numbers were obtained by sub t r ac t ing  successive 
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difficult to establish because of the temperature dependence of 

the ratio of Hall to drift mobility which causes the apparent 

carrier concentration to drop o f f  at temperatures above 200°K in 

the unirradiated silicon. 

Annealing of sample Si-P(O) was carried out with 20 minute 

anneals every 20° to 25OC up to 4OO0C, and then in larger steps 

to 534’C. The number of A-centers vs. annealing temperature is 

shown in Figure 3 8 .  The predominate annealing takes place between 

240’ and hOO°C,  with 50% remaining at 3 2 O o C .  

with the A-center annealing reported elsewhere ( 4 ) .  

ments with 40-50 Mev electron-irradiated silicon performed at R . P . I .  

show that the annealing of the A-center, 

correlates well with the annealing in this experiment, except the 

12 p anneal is initiated at a higher temperature. This is due 

most probably to a) the growth which competes with annealing 

and shifts the beginning of  the anneal to a higher temperature 

and b) the higher purity of t h e  samples in the infrared work. 

This compares well 

Infrared measure- 

( 8 3 4  cm-l> band 
l2 r 

A-center growth, reported by Tanaka and Inuishi(’), and a l s o  

in the IR work cited above, was small ((5%) with this sample. 

The annealing characteristics of the deep levels are shown 

in Figure 3 9 .  Two definite stages are present, one centered at 

14OoC, and the other at 36OoC. 

E-center which other workers ( 4 , 6 )  have found to be Z0.4 ev below 

the conduction band. The annealing temperatures agree with those 

found elsewhere (475y7), 

been observed with electrical property measurements, to our 

The first is most probably the 

The second stage, which has not previously 
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knowledge, has been suggested a s  possibly being associated with 

the  divacancy (') . The number introduced, however, seems r a t h e r  

high f o r  the  production of divacancies(8) .  On the  bas i s  of  t he  

annealing d a t a ,  w e  f i nd  t h a t  the f i r s t  s tage  (E-center) has been 

introduced a t  a r a t e  of ~ . 0 3 / e l e c . c m ,  and the second s tage  

(divacancy?) a t  a r a t e  of &.04/elec.cm. The c a r r i e r  concen- 

t r a t i o n  a t  300°K i s  very s t ab le  a f t e r  the  second annealing s tage  

up t o  53OoC. 

The data  ind ica t e  t h a t  a new shallow l e v e l  has been introduced 

a t  approximately 25OoC which has disappeared a f t e r  anneal t o  37OoC. 

Above 39OoC, some more complex behavior sets i n  which ind ica t e s  

t he  c rea t ion  of another l e v e l  which i s  gone by 5 3 O o C .  

growth and decay (25Oo-27O0C) i s  not  co r re l a t ed  t o  any observed 

IR band. 

(11 .2  p )  band (350'-550OC). 

The f i r s t  

The second (390'-530°C) c o r r e l a t e s  with the 394 cm'l 

D i f f i c u l t y  i n  l o w  temperature measurements (caused by the 

thermocouple bead 's  no t  being i n  contac t  with the sample makes 

q u a n t i t a t i v e  ana lys i s  of the  growth and energy of the new l eve l s  

d i f f i c u l t .  It might be eas i e r  t o  make such measurements by longer 

i r r a d i a t i o n s  of oxygen containing s i l i c o n ,  which could be annealed 

a t  3OO0C f o r  a long t i m e .  

which tend t o  mask any nearby l e v e l s .  

poss ib l e  a measurement of the  energy of the  l e v e l ,  as  wel l  as i t s  

annealing c h a r a c t e r i s t i c s .  

This would serve t o  remove the  A-centers 

Such a method might make 
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TABLE I1 

* 
Measured at 300'K I 

I 
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I 
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Sample No. 

S i - P ( 0 )  

114 H-2 

152-2 

1-99 

TABLE I11 

Position of Energy Levels After Irradiation (EC-ED) 

* 
Shallow Intermediate 

.034 .170  f .005 

.034 .18 f . 0 2  

.040 ** 

.027 . 1 7  f . 0 2  

- 3 0  I 
. 3 2  

.30 

.30 
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Sample No. Shallow 

S i - P ( 0 )  .048 

114 H-2 .030 

152-2 .056  

1-99 .074 

TABLE I V  

Number of Electrons Trapped at O0R/elec em. 

.17 ev Deep Dose 
.186 .11* 1.34 X e/cm 2 

.059 .45* 1.34 X e/cm 2 

.03 .44* 2 . 6 8  X e/cm 2 
2 .074 . 5 2 "  2 . 6 8  X e/cm 

-L 
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L i s t  of Figures 

F ig .  1 R e s i s t i v i t y  v s .  t o t a l  f l u x  f o r  1 0 f l - c m  antimony-dope3 

germanium bombarded by 45-46 Mev e l ec t rons  a t  300°K. 

F ig .  2 H a l l  c o e f f i c i e n t  vs.  t o t a l  f l u x  f o r  1 0 f i - c m  antimony- 

doped germanium bombarded by 45-46 Mev e l ec t rons  a t  300°K. 

R e s i s t i v i t y  vs .  1000/T(°K) f o r  10 f i -c rn  antimony-doped 

germanium before i r r a d i a t i o n  and a f t e r  i r r a d i a t i o n  by 

Co60 photons (1.25 MeV) and by $5-46 Mev e l ec t rons  a t  300°K. 

Car r i e r  concentrat ion vs .  1000/T(°K) f o r  Ion -em antimony- 

doped germanium before i r r a d i a t i o n  and a f t e r  i r r a d i a t i o n  by 

Co60 photons ( 1 . 2 5  MeV) and by 65-46 Mev e l ec t rons  a t  300°K. 

R e s i s t i v i t y  vs .  t o t a l  f l u x  f o r  3 0 f l  -cm p-type germanium 

(Indium-doped) bombarded by 46 Mev e l ec t rons  a t  300°K. 

Carrier concentrat ion vs .  t o t a l  f l u x  f o r  30fi-cm p-type 

germanium (Indium-doped) bombarded by $6 Mev e l ec t rons  

a t  300°K. 

R e s i s t i v i t y  v s .  1000/T(°K)  f o r  3 0 f l - c m  p - t y p e  germanium 

(Indium-doped) before and a f t e r  i r r a d i a t i o n  by A6 Mev 

e l ec t rons  a t  300°K. 

Carrier concent ra t ion  v s .  1000/T(°K) f o r  3 0 0  -cm p-type 

germanium (Indium-doped) before  and a f t e r  i r r a d i a t i o n  by 

A6 Mev e l ec t rons  a t  300°K. 

R e s i s t i v i t y  vs .  t i m e  f o r  3 0 n - c m  p-type germanium (Indium- 

doped) anneal ing a t  300°K immediately a f t e r  1 7  Mev e l ec t ron  

bombardment a t  3 OOOK. 

R e s i s t i v i t y  vs.  1000/T(°K) f o r  30 0 - c m  antimony-doped 

germanium a f t e r  bombardment by 55 and 46 Mev e l ec t rons  

a t  300°K. 

Fig.  3 

Fig.  4 

Fig.  5 

Fig.  6 

F ig .  7 

Fig.  8 

Fig. 9 

Fig.  10 
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Fig. 11 

Fig. 12 

Fig. 13 

Fig. 14 

Fig. 15 

Fig. 16 

Fig. 17 

Fig. 18 

Fig. 19 

23.  

Carrier concentration vs. l O O O / T ( @ K )  for 3 0 0 - c m  

antirnony-doped germanium after bombardment by 55 and 46 

Mev electrons at 300%. 

Resistivity vs. total f lux  for l h f l  -cm p-type germanium 

(indium-doped) bombarded by 46 Mev electrons at 300°K. 

Carrier concentration vs. total flux for 1 4 n - c m  

p-type germanium (indium-doped) t ombarded by A6 Mev 

electrons at 300°K. 

Resistivity vs. 100Cr/T(°K) for l i I  rl -cm p-type gemaniw 
(indium-doped) before and after A6 Mev electron bombardment 

at 300°K. 

Carrier concentration vs. 1000/T(°K)  for 14 -0 -cm p-type 
germanium (indium-doped) before and after 46 Mev electron 

bombardment at 300°K. 

Resistivity vs. 1000/T(°K) of w2 12 -cm p-type germanium 
(indium-doped) after 11.8 and 17 Mev electron bombardment 

at 30OoK. 

Carrier concentration vs. I O O O / T ( ~ K )  of 5 2  L. 9 - c m  p-type 

germanium (indium-doped) after 11.8 and 17 Mev electron 

bombardment at 3 OOOK . 
Infrared spectra of 57 Mev electron-irradiated (320'K) 

oxygen-doped germanium after 20 minute anneals at various 

temperatures from 7 O o C  to 41OoC. 

Isochronal anneals (20 minutes at each temperature) of 

defect absorption bands induced in n-type oxygen-doped 

germanium by 57 Mev electrons ( 320'K). 



Fig. 20 

Fig. 21 

Fig. 22 

Fig. 23  

Fig. 24 

28. 

Infrared spectra (7-8 micr ns) of 0 . 1 0  -cm indium-doped 

germanium before irradiation and after 36 M e v  electron 

irradiation (320°K) and twenty minute annealing at 

temperatures from 118OC to 2 5 1 O C .  

Infrared spectra (1-8 microns) of 0. lfl-cm antimony-doped 

germanium before irradiation and after 36 Mev electron 

irradiation (320OK) and twenty minute annealing at 

temperatures from 7 O o C  to 28OoC. 

Infrared spectra (1-8 microns) of 1fl-em n-type oxygen- 

doped germanium before irradiation and after 57 Mev 

electron irradiation (320OK) and twenty minute annealing 

at temperatures from 144OC to 323OC. 

Fraction of damage remaining in carrier lifetime, f, vs. 

annealing temperature (10 minute anneals) after 48 Mev 

electron irradiation of 4 fl -cm indium-doped germanium 
at 9 0 ' ~ .  

where i?, is the pre-irradiation lifetime, 7-  - -& 
YTS - 

f = -  

h 

I ,  is the post-irradiation lifetime and T is the lifetime 

A l l  measurements of following an anneal at temperature T. 

f made at 90°K. 

Temperature dependence of lifetime for 4 fi -cm indium-doped 
germanium before irradiation and after irradiation by 

48  Mev electrons at 90°K and anneal at 330°K. 
Arl 

Fig. 25 Fraction of damage remaining - vs. annealing temperatures A 00 
for 10 minute isochronal anneals of 0.2 a - c m  antimony-doped 

germanium bombarded by 47 Mev electrons at 20°K. 
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I vs.- ' z Rt.4 
for 185'K isothermal anneal of 10rL-cm arsenic- Fig. 26 

doped gem.aniun bm3arded by A6 Mev electrcns 2t 93 0 K. 

isochronal anneals from 90 0 K to 300°K for 0 . 7 a  -cm indium- 
Fig. 27 Hall coefficient and resistivity curves of 10 minute 

doped germanium irradiated with 45 Mev electrons at 20 0 K .  

Fig. 28 Loading the minority carrier traps with white light at 

9 0 ° K  in the 0 . 7 f l  -cm indium-doped germanium irradiated 

with 45 Mev electrons at 20°K. 

Fig. 29 Fraction of damage remaining - dQ vs. annealing temperatures 
'4 f?- 

I 

for 10 minute isochronal annealing af three phosphorous- 

doped silicon samples irradiated with 44-45 Mev electrons 

at 8 0 ° K .  

Fig. 30 - / vs. n for irradiation and 10 minute isochronal 
/ c c M  
anneals of 10 fl -cm phosphorous-doped f loating-zone 
s i licon . 

Fig. 31 ' vs. n f o r  irradiation and 10 minute isochronal x h 1 
anneals of 11 1 L -cn phosphorous-doped pulled-crystal 

silicon. 

Fig. 32 Temperature dependence of carrier concentration of 

irradiated lOn -cm phosphorous-doped f loating-zone 

silicon after various temperature anneals. 

Fig. 3 3  Temperature dependence of carrier concentration of 

irradiated 11 fl -cm phosphorous-doped pulled-crys tal 
silicon after various temperature anneals. 

Fig. 34 Carrier concentration vs. 1000/T for 0.7 R -cm phosphorous- 
doped floating-zone silicon before and after irradiation 

by 1.5 Mev electrons at 3 2 0 ° K .  
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Fig. 35 Carrier concentration vs. lOOO/T for 0 . 4  11 -cm arsenic- 
doped floating-zone s i l i c o n  before and after irradiation 

by 1.5 Mev electrons at 320'K. 

Carrier concentration vs. l O O O / T  for 0 . 4 0  -cm antimony- 

doped floating-zone silicon before and after irradiation 

by 1.5 Mev electrons at 320°K. 

Fig. 36 

Fig. 37 Carrier concentration vs. 1000/T for 1.2 R -cm phos- 
phorous-doped pulled silicon before and after irradiation 

by 1.5 Mev electrons at 320'K. 

dependences after 20 minute anneals at temperatures fron 

Also shown are temperature 

p s 0 c  to 53/,1OC. 

Fig. 38 Number of Si-A centers vs. annealing temperature (20 

minute anneals) for 1 . 2 R  -cm phosphorous-doped pulled 

silicon after 1.5 Mev electron irradiation at 320'K. 

Number of deep levels vs. annealing temperature (20 minute 

anneals) for 1 . 2 n - c m  phosphorous-doped pulled silicon 

after 1.5 Mev electron irradiation at 320'K. 

Fig. 39 
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